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Cooperation in a large society of self-interested individuals is notoriously difficult to achieve when the
externality of one individual’s action is spread thin and wide on the whole society. This leads to the ‘tragedy
of the commons’ in which rational action will ultimately make everyone worse-off. Traditional policies to
promote cooperation involve Pigouvian taxation or subsidies that make individuals internalize the
externality they incur. We introduce a new approach to achieving global cooperation by localizing
externalities to one’s peers in a social network, thus leveraging the power of peer-pressure to regulate
behavior. The mechanism relies on a joint model of externalities and peer-pressure. Surprisingly, this
mechanism can require a lower budget to operate than the Pigouvianmechanism, even when accounting for
the social cost of peer pressure. Even when the available budget is very low, the social mechanisms achieve
greater improvement in the outcome.
C
ooperation in large societies of self-interested individuals is a crucial, yet extremely difficult goal to
achieve1. Some of the most important problems in modern society, such as pollution, global warming,
rising health care costs and insurance, arise from the inability to achieve cooperation over a large scale. If
everyone does their small part in reducing pollution, consuming responsibly, maintaining a healthy lifestyle and
contribute to the health insurance, these problems will be solved. The tragedy of the commons occurs when
multiple individuals, acting rationally in their own self-interest, will ultimately deplete a common resource, to the
detriment of everybody2. The cause of the tragedy is that the negative externality from any individual’s non-
cooperative action is experienced by the large society, yet the benefit is borne entirely by the individual. For
example, when someone buys an SUV with high CO2 emission as opposed to a hybrid vehicle with low CO2
emission, the full cost of pollution (e.g. in terms of health care cost and environmental effects) is borne by the
whole society. The cost incurred by the individual is small compared to the benefit, and so he free rides.
One traditional solution to the problem of cooperation in large societies is enforcing quotas that limit the
production of negative externalities (e.g. cap on carbon emission). An alternative, market-based approach is
Pigouvian taxation3. The idea is to bring up the cost of one’s actions to a level that accounts for the externality
incurred. For example, a carbon tax may be added to the price of fuel in order to account for the true cost of
consumption on the rest of society (and used to plant trees, say). By taking this true cost into account, the
individual no longer has incentive to free-ride, and will only purchase the the SUV if it is worth the entire cost to
the individual. Governments also often use Pigouvian subsidies (e.g. subsidize the price of solar panels) to
encourage activities with positive externalities. In effect, these policies tax everyone in the society and redistribute
it as subsidies to enforce cooperation.
The outcomes of such policies may be socially sub-optimal for two reasons. Firstly, the Coasian argument4 fails
due to the presence of significant transaction cost5 and so a simple redistribution does not achieve a Pareto-
efficient outcome. Secondly, these policies assume that the society consists of a population of independent
individuals and discounts the fact that individual decisions are influenced by the interactions with the peers in
the society.
There is growing evidence of the power of social influence in general, and peer pressure in particular, in
promoting cooperative behavior. In evolutionary biology, mechanisms like direct reciprocity, network recipro-
city, and group selection all work by exploiting locality of interaction6. When people interact in small groups in
experimental public goods games (PGG), the ability to punish or reward peers (even at a cost) has been shown to
promote cooperative behavior7,8. Similarly, economic models of peer pressure show that pressure acts as a
mechanism for improving the social welfare of the group9 and is conducive of successful business partnerships10.
InMicro Finance Institutions, stronger social ties can increase the likelihood of repayment of joint-liability loans,
by facilitating monitoring and enforcement11. The effectiveness of peers on loan repayment has been demon-
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strated even in the absence of joint liability12. In relation to natural
resource usage, strong community identification is instrumental to
preventing overuse of water resources13, and so do other community-
based incentives14. Top-down rules have been blamed for the
degraded inshore ground fishery in Maine, in contrast to the
Maine lobster fishery, which has been governed by informal com-
munity-based institutions and yielded much higher levels of compli-
ance with sustainable resource use1.
What the above examples highlight is that many mechanisms for
promoting cooperative behavior work locally. An individual free-
riding on immediate social ties (e.g. causing bad smell in the neigh-
borhood by burning paper for cooking) has much to suffer: com-
plaint, loss of reputation, social exclusion, etc. In contrast, in the
‘tragedy of the commons’ scenario (e.g. CO2 emission from an
SUV), most of the externality is felt by individuals who are not peers
and have no way to exert peer-pressure. Yet the cost of exerting peer-
pressure is higher for any given peer than the externality experienced.
Consequently, the peers do not exert sufficient pressure to nudge the
individual to cooperate. Indeed, centralized sanctioning institutions
exist precisely to promote cooperation in larger human groups, in
which peer punishment is not sufficient15.
Against this background, we propose a new set of social mechan-
isms for policy makers to address the problem of externalities in a
networked society, in which externalities are global, but interactions
are local. The mechanisms work by inducing peer-pressure to pro-
mote cooperation.
Results
Overview of mechanism. The main idea behind the mechanism is
illustrated in Figure 1. In contrast with the Pigouvian approach,
which focuses on the individual causing the externality, our
mechanism focuses on their peers in the social network. The idea
is to incentivize agent A’s peers to exert (positive or negative)
pressure on A. In reality, such peer pressure may take many forms.
In the energy consumption scenario, examples of positive pressure
include giving useful energy-saving advice to a neighbor, or giving
the neighbor a hand at installing a solar panel. Examples of negative
pressure include inducing guilt or shame10, or slashing the tires of the
neighbor’s new SUV7.
Regardless of its form, peer pressure requires costly effort on
behalf of agent A’s peers. A peer often has little incentive to exert
such pressure, since the resulting effect, in terms of reduction in
negative externality experienced by the given peer, is very low. Our
mechanism can be summarized by the following question: If we
reward the peers of agent A, can we encourage them to exert more
pressure on A to reduce the negative externality? And is this policy
efficient compared to Pigouvian policies?
Our main insight is that by targeting the individual’s peers, peer
pressure can amplify the desired effect on the target individual. That
is, under certain conditions, the resulting reduction in negative
externality can be larger, given an identical subsidy budget.
Our results hold for positive and negative externalities, positive
and negative peer pressure, as well as subsidy and taxation. For
Figure 1 | Top: Individuals A andB (red) actions cause a global externality on the rest of society (blue). This behavior can be encouraged/discouraged by
internalizing the externality in the form of subsidy or tax on A and B directly; Bottom: Localizing externalities to the peers (yellow) of individuals A and B
incentivizes their respective peers to use peer influence to encourage/discourage the behavior causing the positive/negative externality, respectively.
www.nature.com/scientificreports
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simplicity, in the remainder of the paper, we focus on a single scen-
ario. An individual chooses a level of action (e.g. consumption of
electricity) which causes negative externalities (e.g. pollution). An
external entity (e.g. municipal government) attempts to encourage
the individual to reduce their action level through a direct reward
scheme (e.g. subsidized solar panels). At the same time, the indivi-
dual’s peers are able to exert negative pressure on the individual.
We study a joint strategic model of externalities and peer pressure
in social networks where agents take actions that exert externalities
on the whole network and may apply costly peer pressure on their
peers. We model this as a two stage game in which, in the first stage,
the individuals in the network choose the amount of peer pressure to
put on each of their peers. In the second stage, the individuals choose
their action that puts externality on the whole society. We study the
sub-game perfect equilibrium of this game, show existence, condi-
tions for uniqueness of actions across different equilibria, and how
the peer-pressure is distributed in the social network in the different
equilibria. We find that, in the equilibrium of this game, only the
peers who feel the highest externality apply pressure. Furthermore,
the pressure felt by any individual in the network is the same in all the
equilibria. This pressure yields some improvement in social surplus,
but may not be optimal.
With these characterization results, we explore how, using
information about the structure of the social network, optimal social
surplus can be achieved using carefully designed social mechanisms.
Furthermore, we show that the social mechanism achieves the
optimal outcome at a lower budget and total cost than the
Pigouvian mechanism.
Social mechanisms are superior for two reasons: (i) When all the
externalities are internalized as in the Pigouvian mechanism then
there is no peer pressure on the agent creating the externality, and
thus requires additional subsidies; and (ii)When themarginal cost of
exerting peer pressure is lower than the marginal externality on the
whole society times the marginal response to peer-pressure then the
effect of subsidies is amplified in the social mechanism. This amp-
lification increases with the strength of the relationships between
the peers, and is inversely proportional to the cost of exerting peer
pressure.
We anticipate two applications of such mechanisms: (i) public
policy for reducing global externalities such as pollution, and (ii)
revenue maximization for products with network externalities such
as collaborative search engines, or social recommendations.
Model of externalities.We now present the formal model. Consider
a set of agentsN in a social network S5 (N, E), where E#N3N. Let
Nbr (i)5 {j : (i, j)g E} be the set of peers of the actor i. We assume
that the social network is sparse and agents have at most K peers. An
agent ig N takes an action xi [Rþ (e.g. corresponding to units of
electricity consumed), and define x [R Nj jz be an action profile of all
agents. Each agent i experiences raw utility from its action defined by
the function ui : Rz? R. We assume ui is a twice differentiable and
strictly concave raw utility function with a unique maximum and
lower bounded first derivative that approaches infinity as the action
approaches zero. This is a very natural case (see SI Appendix for
more).
In the standard model of externalities [16, Ch. 11], it is assumed
that the utility of actor i depends both on the raw utility of its own
action as well as the externalities experienced due to the actions of
others. The latter can be captured by a function vi : Rz? R, which
is strictly convex and increasing, and captures the externality experi-
enced by i due to the aggregate action of other actors in the popu-
lation. Therefore, the total utility of actor i, given its own action xi and
the action, x–i, of other agents, N \ {i}, is defined as Ui xi,x{ið Þ :~
ui xið Þ{vi
P
j=i xj
 
. Social surplus is defined as the sum of utilities
achieved by all agents: S xð Þ :~Pi[N Ui xi,x{ið Þ. We choose a linear
social surplus function so that the social surplusmaximization selects
a unique Pareto-efficient outcome, among the infinitely many
Pareto-efficient outcomes, that can be compared under different
mechanisms.
We will denote, x*, as the action profile at equilibrium, and xu, the
action profile that maximizes social surplus. Note that xu is also a
Pareto-efficient action profile. At optimal action xu, for all agents i,
the raw marginal utility is equal to the marginal externality on the
whole society, i.e.- u’i xoi
 
~
X
j=i
v’j
X
k=j
xok
0
@
1
A. In the standard
model of externalities, we know that at the equilibrium, the agents
take action that is higher than the socially optimal action, that is x*.
xu16 and therefore the social surplus at the equilibrium is sub-optimal.
This is the essence of the Tragedy of the Commons.
Externalities with peer pressure.Consider, now, that actors have the
ability to exert peer pressure on their peers in the social network. We
denote the peer-pressure profile by the matrix p [ RN|Nz , where the
element pij is the peer-pressure exerted by the agent i on her peer j.
Note that if i and j are not peers in the social network, then pij5 0. A
similar model was proposed by Calvo´-Armengol and Jackson9. In
their model, there is no network constraint and all agents can exert
peer-pressure on all other agents. Also the model deals with binary
action space as opposed to the infinite action space in our model.
The utility of an actor then takes the following extended form:
Ui xi,x{i, pð Þ
~ui xið Þ{vi
X
j=i
xj
 !
{
X
j[N br ið Þ
pji
0
@
1
A xi{xoi { X
j[N br ið Þ
pij
0
@
1
Ac
Thus, in addition to the raw utility of action and the externality,
actor i also experiences potential disutility that is bilinear in the total
pressure from the peers and i’s own action. An individual’s action
and the peer pressure on the individual enter as strategic substitutes
in the individual’s utility. The higher i’s action is, themore salient the
effect of the pressure becomes. Agent i also incurs a cost c.pij should it
wish to exert pressure on neighbor j, where c is the marginal cost of
exerting such pressure, and pij is the amount of pressure. Although
we consider that the marginal cost of exerting peer pressure is ident-
ical for all pairs of peers, the qualitative nature of our results do not
change with different costs. We study the externalities model with
peer-pressure as a two-stage game. In the first stage, actors choose the
amount of peer pressure they wish to exert on their peers. In the
second stage, actors observe pressure on themselves and then choose
their action as a response to the observed pressure. Given pressure p,
we denote xi pð Þ as the optimal response to the pressure for agent i.
The optimal response is unique and the marginal raw utility for actor
i at the optimal response is equal to the total pressure exerted on i, i.e.
u’i xi pð Þ
 
~
P
j[N br ið Þ pji. As the pressure on an agent increases,
the optimal response decreases and the optimal response is convex
in the total pressure on the agent. The marginal response by any
agent i to pressure pji from any of her peers j is the reciprocal of
the curvature of the raw utility function at the optimal response,
i.e.-
Lxi pð Þ
Lpji
~
1
u’’ xi pð Þð Þ
.
Assumptions. As in the Tragedy of the Commons, the scenario we
are interested in is when the the externality caused rises much slower
than the raw utility function and any one agent’s marginal change in
action has very small effect on the marginal externality experienced
by any other agent. In this case, the large externality is due to higher
aggregate action of all agents.We are interested in the scenario, where
the marginal cost of exerting pressure is neither too high that no one
cares to exert any pressure, nor too low that pressure is so high that
everyone takes the socially optimal action. Therefore, we make the
www.nature.com/scientificreports
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following assumptions about the marginal cost of exerting peer-
pressure.
Firstly, we are interested in situations in which the cost of peer-
pressure is not too low. Formally, the marginal cost of exerting peer-
pressure is higher than the ratio of the marginal externality of any
agent, j, to the curvature of the raw utility of any of her peers, i, when
the action profile is socially optimal xu, i.e.- cw
v’j
P
k=j
xok pð Þ
 
u0 0i x
o
i pð Þð Þ

 for all
peers i, j. In the absence of this condition, optimal pressure is already
present, everyone in society is well-behaved (social surplus is
optimal), thus eliminating any need for intervention.
Secondly, we are interested in situations in which, at least for some
agents, peer-pressure is worth its cost –if the cost of exerting peer-
pressure is too high, then no one will exert peer-pressure on anyone.
Formally, for at least one agent i and one of her peers j, the marginal
cost of exerting pressure for j on i is lower than the ratio of the
marginal externality experienced by j to the curvature of the raw
utility of i when the action profile is x*, i.e.- cv
v’j
P
k=j x

k pð Þ
 
u’’i xi pð Þð Þ

.
This means that j’s pressure can yield some benefit to her by influ-
encing i’s behavior.
The above conditions on the cost of peer pressure are satisfied in
scenarios such as the Tragedy of the Commons, in which peer pres-
sure can potentially act as a conduit for social welfare improving
behavior, but it is too costly to apply sufficient pressure. For example,
suppose agent i is a smoker, paying little regard to others around him,
while contributing to the broader problem of lung cancer. From the
perspective of his neighbor j, exerting peer pressure by expressing
disapproval or asking him to smoke outside can yield a real benefit
in terms of reduced discomfort to j. Yet, it is sufficiently costly (read
socially awkward) for j to exert enough pressure to get i to put out the
cigarette, let alone quit. This causes j to refrain from pushing further.
This is also the case with problems of externalities such as pollution.
The change in externality felt by any one agent (who’s putting pres-
sure) due to the reduction in one other agent’s pollution level (e.g.
replacing his SUVwith a hybrid vehicle) is much smaller than the gain
in utility for the agent creating the pollution (and enjoying his SUV).
Yet, if a large number of agents reduce their pollution level simulta-
neously, then the reduction in the externality felt by any one agent
(reduced pollution) may be much larger than the loss in the utility of
any one agent changing her pollution level (replacing the SUV).
Finally, we assume that the society is large enough that the mar-
ginal cost of exerting peer-pressure is less than
1
2K
times the ratio of
marginal externality felt by the whole society and the curvature of the
raw utility function for any agent i, at the socially optimal action
profile xu, i.e.- cv 1
2K
P
j=i v’j
P
k=j x
o
k pð Þ
 
u’’i xoi pð Þð Þ

~
1
2K
u’i xoi pð Þ
 
u’’i xoi pð Þð Þ

.
This relates the cost of peer-pressure to the relative locality in inter-
action. This means that the global externality is sufficiently larger
than the local cost (see SI Appendix for the formal details and proofs
of all results).
This last assumption highlights that the social network structure
plays a role in our results. Social mechanisms are suitable for large
networked societies that are sparse, meaning that an individual has
very few peers as compared to the total number of people in the
society. Most large modern societies demonstrate such structure.
Equilibriumwith peer pressure.Wenow study the sub game perfect
equilibria in the externalities model with peer-pressure. Although
there may be multiple possible subgame perfect equilibria, the total
peer-pressure on any agent i and her action is same in all the subgame
perfect equilibria under the following condition: for any pair of peers,
i, j, the elasticity of the marginal externality felt by j is lower than the
elasticity of the curvature of the raw utility of i with respect to the
agent i’s action, i.e.-
L log v’j
P
k=j xk
 
Lxi
v L log u’’i xið Þj j
Lxi

, for all
action profiles that are not strictly dominated (see SI Appendix for
details). This condition suggests that the marginal externalities grow
slower than the decay of marginal curvature of the raw utility
function. We will assume that this condition is satisfied for the rest
of the paper. In the sub-game perfect equilibrium of this game17, we
observe that the equilibrium action (action) profile in the game with
peer-pressure is lower than the action-profile in the game without
peer-pressure. This highlights the potential benefit of peer pressure.
Theorem 1. The action profile in any subgame perfect equilibrium in
the two-stage game with peer-pressure is strictly lower than the
equilibrium action profile in the game without peer-pressure.
Under assumption 1, there is positive peer-pressure on all agents
in any sub game perfect equilibria and hence the optimal response
action for each agent is lower than the optimal response without
peer-pressure. We also observe from the application of KKT condi-
tions that in the equilibria, not all agents exert pressure on all their
peers (see SI Appendix for details). Assume p* is the peer-pressure
profile in an equilibrium.
(i) Each agent feels pressure only from the peers who have the
highest marginal externality at the equilibrium action, i.e.- pji . 0
for the peers i, j only if v’j
P
k=j x

k p
ð Þ
 
§v’l
P
k=l x

k p
ð Þ  for all
other peers lg Nbr (i).
(ii) Each agent puts pressure only on her peers who have the smal-
lest curvature of the raw utility function at the equilibrium action,
i.e.- pji . 0 for ig Nbr (j) only if u’’i xi pð Þ
  ƒ u’’k xk pð Þ   for
all kg Nbr (j).
While the presence of peer-pressure causes lower individual
action, the peer-pressure in equilibrium is not sufficient to bring
the action down to the optimal level. Next, we investigate how vari-
ous interventions affect this.
Pigouvian mechanism (direct reward). In the standard Pigouvian
mechanism, agents are rewarded for reduced action. The reward
given to any agent i g N for her action xi is ri xið Þ~
u’i xoi
 
xi{xi
 
. The utility function of agent i under the
Pigouvian mechanism therefore has the reward as an extra term.
While this reward incentivizes reduction in individual action, it
removes any incentive to exert peer pressure so there is no peer-
pressure in the equilibrium.
Proposition 1. There is no peer-pressure on any agent in equilibrium
under Pigouvian mechanism.
This is because under Pigouvian mechanism when the marginal
reward for any agent is equal to the externality produced by the agent
at the socially optimal action profile, the agents completely intern-
alize the externality they produce and in the equilibrium each agent
takes the socially optimal action. Following assumption 2, then the
marginal cost of exerting peer-pressure is more than the marginal
benefit for any agent as a result of the marginal reduction in extern-
ality and therefore no agent exerts peer-pressure on her peers(see SI
Appendix for details). So the Pigouvian mechanism does not use any
social capital.
Social mechanisms (rewarding the peers). As described earlier, the
social mechanism rewards individuals for their peers’ low action, in
effect subsidizing the cost of peer pressure they incur. There are
many possible reward structures for creating social mechanism.
We discuss here one structure in which the reward is given to
agent i as a result of her peer, agent j’s action xj. Formally,
www.nature.com/scientificreports
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rji : Rz? R is strictly decreasing in xj (themore j consumes, the less
reward i gets), and rji (xj) is the reward given to the actor i for the
action xj by a neighboring actor j. Since i can have multiple peers, his
utility incorporates aggregate social reward
P
j[N br ið Þ rji xj
 
.
What might be a suitable approach to allocating such social
reward? We would like to identify a reward function which has the
following properties:
1. The reward must be simple. We consider reward functions with
constant marginal reward (i.e. affine reward functions).
2. A subgame perfect equilibrium of the two-stage game should
exist.
3. Equilibrium action should be optimal.
4. Each peer gets rewarded for an agent’s reduced action.
5. Budget for rewards should be minimized over the set of reward
functions that satisfy the above conditions.
It turns out that a fairly simple reward function satisfies these
conditions. Changing the conditions 1–5 may give different reward
functions. Note that this reward has a component that depends upon
the consumer and a component that depends upon the neighbor.
Theorem 2. The following social reward function, to agent i based on
the action of agent j, satisfies conditions (1–5):
rji xj
 
~ ajzbi
 
xj{xj
 
where aj~cu’’j xoj
 
and bi~v’i
P
k=i x
o
k
 
The marginal reward is such that each agent has an incentive to
increase pressure on peers that take a higher action than socially
optimal level and reduce pressure on peers that take lower action
than social optimal level.
Efficiency and cost of social reward.Our most striking result is that
(under assumption 3) the social mechanism is significantly more
efficient than the Pigouvian mechanism. To establish this, we first
compare the budgets needed by the two mechanisms in order to
reach optimal action.
Theorem 3. The budget for the rewards in the Pigouvian Mechanism
is at least twice the budget for the rewards in the social mechanism.
While this result is very encouraging, a more comprehensive com-
parison must account for the total cost of the two mechanisms. Two
additional costs needs to be accounted for. First, there is an aggregate
social cost of exerting pressure on peers, incurred by all those agents
who choose to do so. This can be thought of as a loss of social capital.
While a single definition of the term is still not established18, applying
peer pressure can be seen as utilizing some existing social capital that
one possesses19.
Secondly, there is a redistribution loss incurred by both mechan-
isms, to account for the cost of distributing rewards (or of taxation).
We assume that this is simply a fraction d of the reward given.
It turns out that the social cost incurred due to peer-pressure in the
equilibrium under social mechanism is smaller than the redistribu-
tion loss in the equilibrium under Pigouvian mechanism when the
redistribution factor is sufficiently high.
Theorem 4. The loss in social capital in the equilibrium under the
social mechanism is lower than the redistribution loss in the equi-
librium under the Pigouvianmechanism for all redistribution factors
d§ 1
2K
.
Based on this result, we can characterize conditions under which the
cost of the social mechanism is lower than the Pigouvian mechanism.
Corollary 1. The total loss in the equilibrium under the social mech-
anism including the loss in the social capital and the redistribution
loss is lower than the the redistribution loss in the equilibrium under
the Pigouvian mechanism for distribution factors d§ 1
K
.
This result shows that the socialmechanism is superior, evenwhen
accounting for the cost to society, and not just considering the cost to
the party operating the mechanism. Often, the budget available is
lower than the required budget for rewards. Under these circum-
stances, the marginal reward is kept low and the whole externality
created by the agents may not be completely internalized under the
Pigouvian mechanism or completely localized under the social
mechanism. A corollary is that when the marginal reward rate is very
low, the action profile in equilibrium under the social mechanism is
lower than the action profile in equilibrium under the Pigouvian
mechanism. This is important for two reasons. Firstly, since the
raw utility functions and the externality functions are often difficult
to estimate due to limited availability of accurate data, and since the
budget is often insufficient, for most practical purposes, the marginal
reward rate is low. Secondly, it can be tested experimentally. Our
results provide three testable predictions, namely:
1. Following theorem 1, the equilibrium action profile in the game
with peer-pressure has a higher social surplus than the equilib-
rium action profile in the game without peer-pressure.
2. As a corollary of theorem 4, for low marginal rewards, the equi-
librium action profile under the social mechanism has a higher
social surplus than the equilibrium action profile under the
Pigouvian mechanism.
3. When themarginal cost of exerting peer-pressure decreases (i.e.-
peers are closer friends), the social surplus in the equilibrium
under social mechanism increases.
Illustrative example: promoting energy efficiency. Consider a
homogeneous set of agents N 5 {1, …, 100}, each agent has 10
peers in the social network. Each agent consumes electricity priced
at 4 per unit. The raw utility function of all agents is
ui xið Þ~12x0:8i {4xi for all i [ N , and the externality function of all
agents is vi yð Þ~0:0001 yð Þ1:5 for all i [ N . The marginal cost of
exerting pressure is c 5 1 per unit. Assume that the redistribution
loss is d5 0.1 per unit of reward. Figure 2 shows how the raw utility
of consumption, externality and total utility of each agent changes
with the increase in consumption, assuming each agent has the same
consumption.
In the absence of peer pressure, we have a symmetric equilibrium
with xi~79:61 for all i [ N . The socially optimal consumption is
x0i~31:19 for all i [ N . So the electricity consumption is more than
two and a half times the socially optimal level. The ratio of the
marginal externality on any agent to the curvature of the raw utility
of any other agent at the equilibrium consumption x* is 1.33. c and
at socially optimum consumption xu is 0.27, c. Therefore the cost of
exerting the socially optimal level of pressure on the peers is much
higher than the resulting reduction in externality experienced by any
agent. The symmetric equilibrium in the model with peer-pressure is
better than the model without peer-pressure. The peer-pressure on
any agent in equilibrium is 0.13, significantly lower than the optimal
peer-pressure 0.83. Therefore, the consumption in equilibrium is
67.46 which is more than twice the socially optimal consumption.
Figure 2 illustrates the situation, highlighting that even if peer-pres-
sure is possible, it is too costly to apply sufficiently enough to yield
socially optimal consumption.
The total reward budget required to reduce the consumption to the
socially optimal level using the Pigouvian mechanism will be
3995.40. On the other hand, the total reward budget using the social
mechanism will be 1095.26. Figure 3 shows that the required budget
for any target consumption level is lower under the socialmechanism
than under the Pigouvian mechanism.
The social cost in equilibrium under the social mechanism will be
82.50. Moreover, the combined total social cost and the redistribu-
tion cost under the social mechanism is 192.03. This is half of the
total redistribution cost of 399.54 under the Pigouvian mechanism.
www.nature.com/scientificreports
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Figure 4 shows that the redistribution and social loss for any target
consumption level is lower under the social mechanism than under
the Pigouvian mechanism.
Illustrative experiment: promoting physical activity. We now
discuss an experiment designed to verify the testable predictions of
our results. This experiment was conducted by one of the authors
(Pentland) and our colleagues, as part of the ‘‘Friends and Family’’
study atMIT20. In particular, the socialmechanismwas tested against
the Pigouvian mechanism. The details of the experimental set-up are
provided in Ref. 20. Here, we analyze the results further, and
interpret the findings within the theoretical framework of the
present paper, providing empirical validation for it.
Our model and results are consistent with data observed in the
experiment and the three testable predictions are verified. In theMIT
‘‘Friends and Family’’ study, the aim was to encourage people to
Figure 2 | (navy) Raw utility of consumption, maximized at the equilibrium consumption of X5 79.62. The peer pressure will lower the equilibrium
consumption only slightly to X5 67.46 due to high marginal cost of pressure; (green) Externality experienced due to other agents’ consumption; (red)
Total utility curve is the difference between the navy and green curves, and is maximized at the (much lower) socially optimal consumption level of
X 5 31.19.
Figure 3 | (navy) Budget required for rewards under Pigouvian mechanism for a target consumption level; (green) Budget required for rewards under
Social mechanism for a desired consumption level. It increases much slower as the target consumption level is reduced.
www.nature.com/scientificreports
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increase their daily physical activity, as measured by the accel-
erometer sensors in their mobile phones. The relationships between
individuals were captured through surveys and physical proximity
measured by bluetooth data from the phones. Each individual was
assigned two peers. Some individuals had close friends as their peers
and and some had strangers as peers. Three treatments were experi-
mented with. In the self-monitoring (control) condition, individuals
were rewarded for their own increased physical activity. This con-
dition simulates the Pigouvian mechanism. Two treatment condi-
tions involved assigning two ‘‘buddies’’ to each participant. In the
‘‘peer-view’’ treatment condition, the participant was shown the bud-
dies’ activity levels, but was still rewarded for his/her own activity
level. This condition simulates the game with peer-pressure under
the Pigouvianmechanism. In the ‘‘peer-reward’’ condition, it was the
buddies who received a reward proportional to the participant’s
activity. This condition simulates the social mechanism. The peer-
view condition mediates normative forces21, while the peer-reward
condition was designed to promote peer pressure.
Before the mechanisms were deployed, the activity levels of the
individuals were monitored for a period of 23 days. The average
normalized activity levels (measured by accelerometers) of the three
groups were as follows: (a) 1.162 for the control group, (b) 1.266 for
the peer-see group, and (c) 1.216 for the peer-reward group. The
marginal reward was computed such that the budget for the reward
in all the three conditions was roughly the same. The marginal
rewards were (a) $ 83.3(51/.012) in the control condition, (b) $
39.5 (51/.0253) in the peer-see condition (roughly half of the mar-
ginal reward in the control condition) and (c) $ 12 (51/(2 3
0.0416)), in the peer-reward condition (roughly one third the mar-
ginal reward in the peer-see condition) since the reward was given to
two peers for each agent. After the mechanisms were deployed and
removing the initial 19 days left for stabilizing the behaviors, the
activity levels were monitored for the subsequent 20 days. The
change in the average normalized activity levels (measured by accel-
erometers) of the three groups were as follows: (a) 0.037 (3.2%) for
the control group, (b) 0.070(5.5%) for the peer-see group, and (c)
0.126(10.4%) for the peer-reward group.
Results reveal that peer pressure is indeed present when the
information about an individual’s actions is known to the peers.
The ‘‘peer-see’’ condition showed a significant increase in activity
level compared to the control (0.070 vs 0.037, p, 0.01), even when
the peers did not receive any reward, suggesting an effect of peer
pressure. This verifies the first testable prediction.
The data reveals that at low marginal rewards, the peer-based
mechanism yields higher returns. Marginal reward is the reward
distributed per unit increase in physical activity. Despite lower mar-
ginal reward, the peer-reward condition yielded significantly larger
increase in activity level than both the control and peer-see condi-
tions (0.126 vs 0.07 and 0.037 respectively). This verifies the second
testable prediction.
Furthermore, when both assigned peers of an individual were close
friends, the peer-reward condition exhibited twice the improvement
in the normalized activity levels as compared to the same condition
with weaker social ties with the assigned peers. The change in the
average normalized activity level for the peer-reward mechanism (a)
in the triads consisting of close friends was 0.269 for an average
reward of $3.00 and (b) in the triads consisting of strangers was
0.137 for an average reward of $2.95. This shows that when social
capital is high, leading to lower cost of exerting pressure, the peer-
reward mechanism has even better returns. This verifies the third
testable prediction.
Discussion
There is growing evidence that peer pressure can promote coopera-
tive behavior. In evolutionary biology and behavioral economics,
peer pressure, embodied in the form of costly punishment or reward,
is recognized as a mechanism for promoting cooperation7,8. Various
observations have also been anecdotally crediting peer pressure for
improved cooperation in micro-loan payments11 and natural
Figure 4 | (navy) Redistribution loss under Pigouvian mechanism for a target consumption level; (green) Redistribution loss under Social mechanism
for a desired consumption level. It increases much slower as the target consumption level is reduced; (red) Social loss under Social mechanism for a
desired consumption level; (magenta) Total (redistribution 1 social) loss under Social mechanism for a desired consumption level.
www.nature.com/scientificreports
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resource conservation14. Our main contribution is to place these
results in a theoretical foundation in the theory of externalities.
This enabled us to identify precisely how to design policies that
explicitly employ peer pressure in regulating behavior to promote
cooperation at a large-scale. Further, our analysis revealed precise
conditions under which such policies outperform traditional centra-
lized, Pigouvian policies.
A key advantage of our approach is that the precise means by
which pressure is exerted is left to the individuals in the network,
and thus works at the normative level31. To quote Nobel Prize winner
Elinor Ostrom: ‘‘International donors and nongovernmental organi-
zations, as well as national governments and charities, have often
acted, under the banner of environmental conservation, in a way that
has unwittingly destroyed the very social capital – shared relationship,
norms, knowledge and understanding – that has been used by resource
users to sustain the productivity of natural capital over the ages’’22.
Building on Ostrom’s sentiment, by adjusting the incentives at the
local level, our peer-based incentive mechanism leverages existing
social capital and local regulatorymechanisms, rather than bypassing
(or even suppressing) them.
We note that our results must be taken with some caveats. Firstly,
negative peer pressure may result in retaliatory action, especially
when it is perceived as illegitimate29, a phenomenon that has been
observed across many cultures30. Thus, peer enforcement can turn
prohibitively expensive if peer pressure ends in a chain reaction
of retaliation. Given this challenge, encouraging positive inter-
personal pressure can be more effective, as it is less likely to result
in retaliation7.
A second caveat is that the success of peer pressure relies on
effective monitoring of peer action. In our model, the cost of mon-
itoring is incorporated implicitly into the cost of pressure. However,
comparing the monitoring costs of social and Pigouvian approaches
is a very relevant question. One can imagine situations in which peer
monitoring is very efficient compared to centralized solutions (e.g.
neighbor monitoring of compliance with frontyard water usage
restrictions in some countries). Yet one can also imagine domains
in which peer monitoring may be too invasive or may require costly
information acquisition.
In a recent review of data-centric uses of social networks to accel-
erate behavior change and improve collective performance, Valente
identified four major classes of network intervention23: (i) targeting
influential individuals to use them as conduits for desirable behavior;
(ii) segmentation and targeting of groups with particular network
characteristics; (iii) altering (or designing) the network structure; and
(iv) induction of particular peer-to-peer interaction. The theoretical
underpinnings of the first three intervention classes have received
much attention: influential individual identification24–26, character-
istic segmentation of groups27, and network structure design28. This
paper fills an important gap by putting the induction of peer-to-peer
influence on solid theoretical foundation.
Methods
Asmentioned above, our analysis is based on a two-stage gamemodel of peer pressure
and externality-causing action. In the first stage, the agents in the network choose the
amount of peer pressure to exert on each peer. In the second stage, the agent choose
their externality-causing action (e.g. energy consumption). Then, we show that under
natural assumptions on the utility function (strictly concave and has a finite max-
imum) and the externality function (strictly convex and increasing), there exists at
least one sub-game perfect equilibrium of the game. We characterize these sub-game
perfect equilibria, using the Karush-Kuhn-Tucker (KKT) conditions, and show that
the actions taken by any agent in the second stage of the game (i.e. their consumption
action) is idententical in all such equilibria. This implies that the pressure felt by any
agent in the first stage of the game is identical in all equilibria.
The above analysis suggests that the only difference between the different equilibria
is who puts pressure on whom, always yielding the same total pressure on any agent.
Using the KKT analysis, under assumptions 1 and 2, we show that when agents have
the ability to exert peer pressure, then the total consumption in equilibrium will be
strictly lower.
Next, we show that under assumption 3, using the Pigouvian mechanism to
internalize externalities, the equilibrium is identified by a boundary condition, in
which the cost of exerting peer pressure is too high compared to themarginal effect of
peer pressure. Thus, there is no peer pressure at all under the Pigouvian mechanism.
We then introduce a simple linear social reward function. We show that the
marginal social reward depends upon both the agent causing the externality, and the
peers who can exert peer pressure on him. The reward function essentially com-
pensates the peers for the cost of exerting pressure, while discounting for the
reduction in externality that they benefit from.
Next, we find that the budget required in the social mechanism is lower than that of
the Pigouvian mechanism. This is due to the amplification of the effect of rewards.
This relies on the marginal effect of peer pressure being higher than the marginal
effect of direct rewards to agentss.
For our final result, we incorporate an additional quantity into the model, namely
the redistribution factor, which captures the overhead involved in the implementation
of any mechanism as a proportion of the total reward expended by the mechanism.
This allows us to compare the Pigouvian mechanism, in which a larger reward is
redistributed with a given redistribution loss, with the social mechanism, in which the
redistribution overhead is lower, but it entails social cost to the agents exerting the
peer pressure. For sparse networks, we show that the redistribution loss and social
cost combined are still lower than the Pigouvian mechanism.
Details of our methods, along with proofs of all theoretical results, can be found in
the Supporting Information appendix.
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